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ABSTRACT  
 
Mineralogical analysis done on Spanish Portland cement Type I pastes, blended with nanosilica was 
carried out by conventional and high-resolution thermogravimetric analysis (TG-HRTG) and X-ray 
diffraction (XRD) in order to determine the quantity of the different mineralogical phases obtained 
during the hydration process. Simultaneously, mortars with the same materials and replacement 
ratio were made in order to assess their compressive strength for up to 28 days of curing time. In 
this paper, the rate and quantity of each one of the main constituent phases of the cement during its 
hydration process (C-S-H, ettringite, portlandite, stratlingite, etc.) were determined. A correlation 
between the quantity of C-S-H and the development of compressive strength was established. 
Additionally, the pozzolanic activity of nanosilica was evaluated by quantifying the fixation of 
calcium hydroxide and its impact on the development of the compressive strength.   
 
KEYWORDS: HRTG, nanosilica, pozzolans, compressive strength, mineralogy of cements, 
blended cement 
 
 
1. INTRODUCTION  
Thermal analysis techniques are one of the most popularly used techniques for research on the 
physical and chemical phenomena associated with the formation and behavior of the hydrated 
phases of cement [1]. Traditionally, the quantification of hydrated phases with TG is done mainly 
on portlandite [2,3] because of the fact that other hydrated phases show overlapping peaks since 
their decomposition temperatures are very close.  This fact impedes a reliable identification of other 
hydrate phases like calcium silicate hydrates C-S-H, ettringite, calcium aluminosilicate hydrates (C-
A-S-H), calcium aluminate hydrates (C-A-H), etc. Using the modules of high-resolution in 
thermogravimetric analysis software (HRTG) the problem could be solved. These modules increase 
the resolution to reasonable testing times [1,4-8] and can be applied successfully in the analysis of 
construction materials if the correct parameters are selected as was suggested by Tobón et al. [8] 
 
With the use of HRTG, a new difficulty is found, due to the fact that the hydrated mineralogical 
phases of cement are not stoichiometric materials, it is common that the same phase show two or 
three peaks corresponding to different decomposition phenomena [8]. Because of this, a detailed 
study about the identification of cement-hydrated phases is necessary.  
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Different factors are incidental in the development of the mechanical strength of hardened cement, 
such as: clinker composition and microstructure, cement particle size distribution, gypsum content 
and degree of gypsum hydration, the water/cement ratio, the curing time, the curing temperature and 
relative humidity, mineral additions and additives in the mixture, and mixing conditions, among 
others. But as Taylor pointed out [9] in different ways these factors also determine the phase’s 
distribution and quantity in the cement matrix. Furthermore, these phases verify the microstructure 
of the hardened pastes. Hence, it is very important to find methods that allow for an accurate 
determination of the different hydrated phases in the cement pastes. 
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2. MATERIALS AND METHODS  
Pastes were made with Spanish Portland cement Type I (52.5 MPa) blended with 0%, 5%, and 10% 
of commercial nanosilica (Nyasil
TM
 5 - Ny) produced by NYACOL, Nano Technology Inc. with 
92% purity and a d50=1.8 µm, water/cement-material (w/cm) of 0.4. Ny has a low crystallinity 
grade and 98% purity. Pastes (control: Ce; 5% replacement 5Ny; 10% replacement 10Ny) were 
cured for 1, 3, 7, 14, and 28 days at 20º C in 100% relative humidity. 
 
Mineralogical analysis was carried out with HRTG on a Mettler-Toledo TG 850 in aluminum 
crucibles of 100 μL with a sealable lid perforated, in the presence of a self-generated atmosphere, 
and without purge gas in accordance with the optimal parameters found by Tobón et al. [8], which 
are shown in Table 1. 
 
Table 1. Parameters chosen for the test by HRTG 
Parameter Value 
Amount of sample 60 mg 
Minimal heating rate 0.5° Cmin
-1
 
Maximum heating rate 10º Cmin
-1
 
Upper threshold 3 μgs
-1
 
Lower threshold 1 μgs
-1
 
Factor 2 
Waiting time 6 s 
Temperature range 35-300º C 
Purge gas 0 mLmin
-1
 
 
The conventional TG was done in a STA409 of the Netzsch, with a range between 20° and 700° C 
and a heating rate of 10° Cmin
-1
. X-ray diffraction (XRD) was made in a PANalytical X'Pert PRO 
MPD, in a 2θ range between 2° and 70° with a step of 0.02° and an accumulation time of 30 s. 
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In order to make some comparisons, we tested pastes of lime with nanosilica (Ny), nanoalumina 
(NA), and metakaolin (MK). The lime used was reagent calcium hydroxide with 96% purity from 
Riedel de Haën. We used nanoalumina Nyacol AL20SD with 94% purity and a diameter of 50 nm. 
The metakaolin used was Metastar 501 from IMERYS.)
 
Mortars were conducted in accordance with UNE-EN 196-1 [16] in molds of 4x4x16 cm, with the 
same cement and the same nanosilica, in percentages equal to the percentages use for the 
replacement of pastes. Standardized sand was used. The w/cm ratio was 0.5, and the arid/cm ratio 
was 3. Mortars remained in a curing room (at a saturation of 98% and 20° C ± 2° C) for 3, 7, and 28 
days. 
 
3. RESULTS AND DISCUSSION 
 
3.1 MINERALOGY 
Using thermogravimetric analysis, the percentage of total mass loss (water from the hydrates) of the 
pastes was assessed at temperatures of up to 300° C and at different curing ages (Fig. 1). It was 
found that there is a greater total mass loss when the samples have a higher percentage of cement 
replacement by Ny. This suggests an increase in the formation of hydrated mineral phases which are 
dehydrated at temperatures of up to 300° C (C-S-H, ettringite, C-A-S-H and C-A-H) by virtue of the 
quantity of nanosilica blended. 
 
   
Figure 1. Mass loss from HRTG thermograms at temperatures of up to 300° C 
 
Figure 1 shows that on the first day there is no significant difference among the three pastes. To the 
seventh day of curing, the pastes with nanosilica (Ny) have a significantly greater mass loss. For 
the three samples remain the same trend and order in the mass loss after the seventh day.  It can 
be interpreted as meaning that the impact of this mineral addition is minimal in the first hours of 
hydration. Ny becomes very important between the first and the seventh day of curing, producing a 
strong increase in the rate of hydration and in the quantity of hydrated phases formed. 
 
Using HRTG, we conclude that when the percentage of replacement and the curing time are 
increased, the number of peaks in the thermograms is also increased because a larger and better 
formation of different mineral phases takes place (Figs. 2 and 3). Figure 2 shows the increase in the 
number of peaks in the derivative curves (DTG) from HRTG, with the curing time for 10% Nyasil-
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replaced paste. Figure 3 also shows a very good correlation among the peaks in the different pastes 
for the same curing age (28 days). All this allows us to propose a temperature range for each mass-
loss event and thereby to achieve a better identification of the decomposition reactions for each 
phase. Seven temperature ranges were selected for this purpose. 
 
 
Figure 2. HRTG/DTG of pastes with 10% Ny until 28 curing days 
 
 
50 75 100 125 150 175 200 225 250 275 300
Temperature (°C)
0.5%°C-1
Ce-28d
5Ny-28d
10Ny-28d
1 2 3 4 5 6 7
  
Figure 3. Temperature ranges from DTG curves among different pastes at the same curing age 
 
3.1.1 Identification of peaks. To identify peaks present in the thermograms obtained with samples 
of cement with different percentages of replacement, reagent-grade hydrated lime (CH) with 50% of 
mineral addition (Nyasil-Ny, metakaolin-MK, and nanoalumina-NA) were tested under the same 
conditions, in order to locate the decomposition temperatures of calcium silicate hydrate (C-S-H), 
calcium aluminosilicate hydrate (C-A-S-H stratlingite), and calcium aluminate hydrate (C-A-H). 
The results obtained are presented in the Figure 4, the three DTG curves at the top of the figure 
correspond to cement samples cured for 14 days and the three DTG curves at the bottom are the 
samples of hydrated lime (CH) with different replacement materials.  
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Figure 4. Identification of peaks obtained with HRTG 
 
It was found that the first three peaks, from low to high temperature, correspond to the 
decomposition of calcium silicate hydrates (C-S-H), the fourth peak corresponds to calcium 
aluminosilicate hydrates (C-A-S-H), and the last two correspond to calcium aluminate hydrates (C-
A-H). This is because the first three peaks of the cement samples agree very well with those formed 
in the sample of hydrated lime with Ny, where only calcium silicate hydrates can be formed  
(portlandite and calcite are another peaks that could be in this mixture, but they do not appear in the 
temperature range tested). The fifth peak in the cement samples agrees very well with the peak in 
the sample of lime with NA where only calcium aluminate hydrates can be formed. In the case of a 
sample of CH with MK calcium silicate hydrates, calcium aluminosilicate hydrates and calcium 
aluminate hydrates are expected to form, there are two peaks in the sample with MK that match 
well with those proposed for other samples such as C-S-H and C-A-H. Thus, the additional peak 
would be for the C-A-S-H. The last peak in the DTG of cement pastes with 10% of Ny partners 
with C-A-H because of the dehydration temperature that has been suggested for it by various 
authors [17]. 
 
Table 2 shows correlations between phases and the ranges of temperatures for the maximum 
decomposition rate (Tmax). The C-S-H2 peak coincides with the peak identified by several authors 
for the dehydration of ettringite [1], so it is possible to have an overlap of these two phases. 
 
Table 2. Ranges of Tmax for each of the peaks identified 
Peak 1 2 3 
 (°C) (°C) (°C) 
C-S-H 90-125 125- 40 140-165 
C-A-S-H 165-185   
C-A-H 185-215 215-255  
 
3.1.2 Behavior of the different mineral phases with curing time 
 
Calcium silicate hydrate (C-S-H). The appearance of the three peaks for the C-S-H phases in 
HRTG/DTG could be either due to different types of C-S-H, to transformations of C-S-H, or to the 
release of OH radicals from C-S-H. To identify if each of these three C-S-H peaks correspond to 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
different polymorphs of this mineral phase, or simply to different processes of decomposition 
within a single phase, XRD on the samples of paste of lime reagent were carried out (at 50% of 
replacement with Ny and w/cm of 1.0, at 3, 7, 14, and 28 days of curing time). Inside of the 
diffractometer, the temperature was varied: i.e. the same sample was studied at room temperature 
(25° C), it was heated to 90, 125, and 150° C, while XRD analysis were carried out for each of these 
temperatures. Just as the sample reached the selected temperature an XRD evaluation was made. 
The sample was left at that temperature for 10 min and then XRD was made again. All this was 
done in order to determine the changes produced on C-S-H by increasing of the temperature (Fig. 
5). 
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Figure 5. X-ray diffractograms of the 50NyLime samples at different temperatures; Legend: P 
(portlandite), T (C-S-H), and c (calcite) 
 
In Figure 5, there is no evidence of the appearance or the disappearance of C-S-H peaks. By 
expanding the area between 28.5° and 30° 2q, where the main peak of the different types of C-S-H 
is located, it was found that for the same temperature there are no changes in the position of the 
peak (Fig. 6) and among the different temperatures, for the same sample, the peaks showed a 
decrease in their intensity, but no change in their position. This means that the three peaks found for 
C-S-H by HRTG do not correspond to polymorphs of this phase, but yes to different processes of 
decomposition. This interpretation agrees with the models proposed for C-S-H, where water can be 
found between the mineral layers or in the form of OH
-
 radicals, linked to tetrahedral silicon or to 
octahedral calcium [18-22]. 
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Figure 6. X-ray diffractograms of the 50NyLime samples treated at different temperatures 
 
Due to what was explained in the last paragraph, it was decided that we would add the mass loss of 
the three peaks (Fig. 7) in order to assess the total water related to C-S-H. It was found that only for 
the first curing day there is a greater quantity of C-S-H for the control sample than for the blended 
samples. After three days and with growing trends, the samples with nanosilica showed a larger 
amount of C-S-H in comparison with the control sample, increasing the difference with the curing 
time and percentage of replacement. The amount of water associated with C-S-H is clearly related 
to the quantity of Ny in the pastes.  
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Figure 7. Percentage of mass loss for three C-S-H peaks 
 
Along with the curing time the mass loss of C-S-H has a logarithmic behavior in samples of cement, 
with correlation coefficient between 0.85 and 0.95 (Fig. 8). 
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Figure 8. Modeling mass loss for C-S-H peaks with the time 
 
Calcium aluminosilicate hydrates (C-A-S-H). This mineral phase was detectable only after the 
third day of hydration, and has a downward trend with the curing time, especially in blended cement 
(Fig. 9). Probably it was the presence of an additional SiO2 content in the mixture, which favored 
the transformation of C-A-S-H into a mixture of C-S-H and C-A-H. 
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Figure 9. Mass loss of C-A-S- H peaks 
 
Calcium aluminate hydrates (C-A-H). Figure 10 shows the percentage of mass loss calculated on 
the C-A-H decomposition peaks, with curing time (as a sum of the two values). The C-A-H is 
always higher in the blended samples than in the control sample. This difference is greater for the 
first day of curing, and decreases along the curing time. This shows that the Ny has an accelerating 
effect on the cement hydration process. The trend is to have a higher content of C-A-H in the 
samples with 10% Ny, however, this content is very close to of the samples with 5% Ny. 
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Figure 10. Mass loss of C-A-H peaks 
 
3.2 RELATIONSHIP BETWEEN MECHANICAL STRENGTH AND MINERALOGY 
The results of the compressive strength in mortars with Ny (Fig. 11) were correlated with the results 
of mineralogy in pastes (Fig. 12). 
 
   
Figure 11. Compressive strength of mortars at 3, 7, and 28 curing days 
 
Figure 11 shows that Ny has a positive effect on the development of the compressive strength (CS) 
of mortars, and that the highest CS values were obtained for 10%Ny mortars. At three days of 
curing with 10% substitution, a 90% improvement was obtained. The effect of the mineral 
admixture is enormously positive, for example, to 7 curing days the sample with 10% Ny reached 
virtually the strength of the control sample to 28 curing days. These results show Ny to be an early 
activity pozzolan.  
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Figure 12. The relationship between the content of C-S-H in the pastes and the compressive 
strength for the mortars 
 
Figure 12 shows that there is a very good correlation for each mixture (R
2
> 0.99) between the 
content of C-S-H in the pastes (calculated by HRTG), and the mechanical strength developed by the 
mortars. In general, the increasing of C-S-H in the cementitious matrix is related to the higher 
compressive strength of the mortars. 
 
It is interesting how at the beginning of the curves (point on left side of the Fig. 12), the samples 
with 10% Ny have a similar percentage of C-S-H than samples with 5% Ny, and have a much 
higher mechanical strength, which indicates that at initial ages it is not only the amount of C-S-H 
which explains compressive strength. Surely, in addition to the amount of C-S-H, the effective 
distribution of C-S-H plays an important role on mechanical properties. 
 
At the early curing age, C-S-H quantity is not the only factor which explains compressive strength, 
but to final ages of hydration the C-S-H quantity is clearly the main parameter on the control of 
compressive strength. This is why when all the dates are assessed together, the correlation 
coefficient (R
2
) drops, but it continues to be acceptable (R
2
=0.82). It can be seen that the dispersion 
of the date is larger at earlier ages.  
 
Likewise, in the Fig. 13 one can see that to early curing ages a higher lime fixation is equivalent to 
higher compressive strength, but to final ages the relationship is not in this way.  
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Figure 13. Relationship between the lime fixation in the pastes and the compressive strength of the 
mortars 
 
The previous statement means that at the initial age, compressive strength of mortars depends 
mainly on the mineralogy and to a lesser degree on other factors such as the quantity of nucleation 
centers and how well-distributed they might be in the cementitious matrix. At the final age 
compressive strength depends almost exclusively on the percentage of C-S-H present. 
 
CONCLUSIONS  
· HRTG showed itself to be a powerful tool for the identification and quantification of the 
cement hydrated phases (C-S-H, C-A-S-H, C-A-H). This technique allows for one to improve 
the resolution so that it may avoids overlapping of peaks, which are commonly drawn in the 
thermograms of these phases. It was possible to determine the range of temperature where these 
phases were decomposed. 
· There is a larger quantity of hydrates in the pastes as a result of increasing the percentage of 
substitution of cement by Ny, especially, from the first day of curing. 
· C-S-H content has a logarithmic behavior along of curing time with a correlation coefficient 
between 0.85 and 0.95; except for when it is at first day of curing. Blended samples always 
have a longer quantity of this phase with regard to the plain sample. 
· At 28 curing days with the 5% and the 10% of cement substitution by Ny, the increase in C-S-
H content is close to 20% and 34%, respectively. 
· There is a very good correlation (R2 > 0.99) between C-S-H content and mechanical strength 
developed by the mortars with different percentages of substitution in the curing time. 
· To early ages, there is a small improvement in the quantity of C-S-H, but it has a good 
distribution in the matrix, which represents a noticeable improvement in compressive strength. 
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